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ABSTRACT

The ability of DNA to adopt non-canonical structures
can affect transcription and has broad implications
for genome functioning. We have recently reported
that guanine-rich (G-rich) homopurine-homo-
pyrimidine sequences cause significant blockage of
transcription in vitro in a strictly orientation-
dependent manner: when the G-rich strand serves
as the non-template strand [Belotserkovskii et al.
(2010) Mechanisms and implications of transcription
blockage by guanine-rich DNA sequences., Proc.
Natl Acad. Sci. USA, 107, 12816-12821]. We have
now systematically studied the effect of the
sequence composition and single-stranded breaks
on this blockage. Although substitution of guanine
by any other base reduced the blockage, cytosine
and thymine reduced the blockage more significantly
than adenine substitutions, affirming the importance
of both G-richness and the homopurine-homo-
pyrimidine character of the sequence for this effect.
A single-strand break in the non-template strand
adjacent to the G-rich stretch dramatically increased
the blockage. Breaks in the non-template strand
result in much weaker blockage signals extending
downstream from the break even in the absence of
the G-rich stretch. Our combined data support the
notion that transcription blockage at homopurine-
homopyrimidine sequences is caused by R-loop
formation.

INTRODUCTION

Structural properties of DNA sequences, in particular
their ability to adopt non-B form DNA conformations
(e.g. quadruplex DNA, triplex DNA, Z-DNA and

others) can affect DNA transcription, and that has been
implicated in many biologically important phenomena,
including mutagenesis, recombination and transcription-
coupled DNA repair [reviewed in (1-4)].

DNA sequences in which the non-template strand is
enriched with guanines, especially with contiguous
guanine stretches, have recently received increased atten-
tion owing to their propensity to form stable extended
RNA/DNA hybrids (R-loops) or other stable DNA/
RNA complexes during transcription (5-10). Yu et al.
(11) directly demonstrated that such complexes are
present in mammalian cells and that their lengths can
exceed 1kb.

The stability of DNA/RNA complexes generated at
these sequences is often ascribed to the formation of
guanine quadruplexes (G-DNA) in the non-template
DNA strand that prevent RNA displacement in the
course of transcription (7-9,12). Various types of triplex
structures, including H-DNA-like structures stabilized by
the transcript (13—-16) and parallel triplexes with RNA as
the central strand (13,17), have also been suggested to form
during transcription of guanine-rich (G-rich) homopurine
sequences. Furthermore, a triplex containing G-rich RNA
was recently implicated in gene repression by a non-coding
transcript (18). Note, however, that a hybrid duplex formed
by the G-rich homopurine RNA and its complementary
DNA, Pu-RNA/Py-DNA, is much more stable than the
corresponding Pu-DNA/Py-DNA or Py-RNA/Pu-DNA
duplexes (19-21). Thus, this difference in stability alone
could be sufficient for the R-loop formation (22,23).

A propensity of certain DNA regions to form R-loops
has been correlated with the obstruction of transcription
in these regions. For example, Daniels and Lieber (5)
observed an overall reduction of transcription in vitro
through the immunoglobulin switch region, which is
prone to R-loop formation, and Rajagopal et al. (24)
observed RNA polymerase pausing in this same region
in mammalian cells.
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An important consequence of stalled transcription
complexes and extra-stable RNA/DNA hybrids is replica-
tion fork blockage [reviewed in (25,26)]. For example,
(G),o(C), repeats stall replication in Escherichia coli
when transcribed in the direction in which G-stretches
are placed on the non-template strand. It was suggested
that these repeats first arrest transcription, which is then
followed by the collision of the replication machinery with
the stalled transcription complex (27). Supporting this
idea, we have shown that G-rich homopurine-homo-
pyrimidine sequences block T7 RNAP transcription
in vitro in the orientation in which the non-template
strand is homopurine, but not in the opposite orientation
(28). Our initial observations were most consistent with the
model that formation of R-loops, which increased the
probability of transcription pausing or termination, could
be central for the effect (28,29). In the present work, we
elaborate and provide further support for the R-loop
model by studying the effects of various DNA base substi-
tutions and strand breaks [which were shown to facilitate
R-loop formation (30)], on transcription blockage caused
by homopurine-homopyrimidine sequences.

MATERIALS AND METHODS
DNA substrates

A general scheme for constructing our transcription sub-
strates is shown in Figure 1. DNA sequences (shown below)
were cloned between the BamHI and Xhol sites of the pUC
GTG-TS plasmid (31). These sequences usually contain the
sequence of interest (e.g. homopurine-homopyrimidine
repeats), which we refer to as an ‘insert’, and flanking
sequences, which might contain nicking sites. In all se-
quences, the non-template (sense) DNA strand is shown
in the 5-to-3’ direction, and the first nucleotide is localized
236-nt downstream from the start of transcription.

Plasmid pG32 (28) contains an insert with 32 guanines
in a row (bold).

GATCGGTACCTCTAGA(G)3;;TCTGCACCGTGG

All sequence modifications of this insert are shown in
Figure 2.

Plasmids pN-aga-(insert), pN-tc-(insert)-cc-N and
pN-(9)-(insert)-(9)-N contain the sequences:

GATCGGCTCTTCT | AGA(insert) TCTGCACCGTGG,
GATCGCTCTTCC|TC(insert)CC| TCAGCG

and

GATCGCTCTTCC|CGGGCACGT(insert) TGCGGGC
CC|TCAGCG,

respectively. The recognition sequences for nicking endo-
nucleases Nt.BspQI and Nt.BbvCl, located 5 (upstream)
or 3 (downstream) from the insert, respectively, are
shown in bold italic, whereas nicking sites are shown by
arrows. The sequences and positions of inserts are also
shown in the respective figures or figure legends. (In the
names of the plasmids, regular, instead of subscript, font

is used to indicate the number of nucleotides (e.g. G16
stands for Gyg).
Plasmids pN-NTS and pN-TS contain the sequences

GATCGGTACCTCTAGACC| TCAGCTCTGCACCG
TGG

and

GATCGGTACCTCTAGAGCTGAeGGTCTGCACCG
TGG,

respectively.

An Nt.BbvClI site (shown in bold italic) was cloned in
opposite orientations to ensure that either the
non-template (pN-NTS) or the template strand (pN-TS)
is cleaved (The nicking site on the non-template strand is
shown by an arrow, and the site on the non-template
strand opposite to the nicking site on the template
strand is shown by a dot).

Transcription substrate preparation, in vitro transcrip-
tion and data analysis were performed, as previously
described (28,32,33) (See also Supplementary Materials
and Methods for details).

RESULTS
Experimental strategy

The basic scheme of the in vitro transcription experiments
performed in this work is shown in Figure 1. A DNA
sequence of interest, further referred to as ‘insert’ was pos-
itioned 0.25-kbps downstream from the T7 promoter in a
plasmid. In some cases, an insert was flanked by the sites for
nicking enzymes (The actual sequences are shown in
Materials and Methods, and in the corresponding
figures). To obtain linear transcription templates, the
plasmids were digested by the HindIII restriction enzyme
0.5-kbps downstream from the promoter. Transcription
was performed in the presence of all four NTPs plus a
smaller amount of a->?P-CTP, resulting in transcripts that
were uniformly labeled over their lengths. Transcripts were
analysed by denaturing polyacrylamide gel-electrophoresis.

In the absence of transcription blockage, the only tran-
script, referred to as ‘run-off’, appears when RNA poly-
merase reaches the end of the linear substrate. When RNA
polymerase (RNAP) is blocked before reaching the end of
the template, shorter, truncated transcripts appear, and
their lengths reflect the distance from the promoter to the
blockage site. The ratio of intensities of truncated tran-
script(s) to the run-off band characterizes the probability
of blockage (As our RNA is ‘body-labeled’ with radio-
active cytosine, our calculations were normalized on the
number of cytosines within the transcript sequence).

For circular plasmids, that do not have strong termin-
ation signals, transcription is expected to continue until
spontaneously terminating at some random sites, to
produce a heterogencous mixture of fairly long RNA
products. In reality, however, this mixture of long RNA
fragments forms a distinct band on a gel, the intensity of
which was used as a normalization factor in the calcula-
tion of relative blockage.
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Figure 1. Experimental strategy. DNA strands are shown as thin black
lines, except within a specific insert (e.g. homopurine-homopyrimidine
sequence) where they are shown by thick gray lines; RNA strand is
shown as a thick black line; RNA polymerase (RNAP) is shown as a
gray oval with dotted borders. The distance from the transcription start
site to the insert is ~0.25 kb; the sites for nicking enzymes are localized
2-9nt from the insert. In most experiments, HindIII-digested templates
were used, which produce run-off ~0.5kb.

Absolute values of blockage for circular substrates
could be estimated using a ribozyme-based approach de-
veloped by Grabcezyk and Usdin (16), as previously
described (28).

Roles of G-richness and homopurine-homopyrimidine
character of the sequence in blockage

Figure 2 (left panel) shows the results of transcription
from linear DNA templates with various insert sequences.
Here and later in the text, the sequence given is that of the
non-template strand. For the C32 insert (lane 1), the only
well-pronounced signal corresponds to the full-length
transcription product (run-off). However, for a series of
homopurine inserts (lanes from 2 to 10), additional,
truncated transcription products appear, and their
intensities increase with increased G-richness (see graphs
in Figure 2). The most pronounced truncated product
(indicated by the white block arrow) reflects transcription
blockage closely downstream from the insert; thus, we call
it the ‘repeat-exiting signal’. In addition, weaker multiple
blockage sites are localized within the insert that alto-
gether form the ‘diffuse signal’ (white oval). When A is
replaced by either T or C, the blockage is strongly reduced
(compare lane 8 with lanes 11 and 13, and lane 9 with
lanes 12 and 14). Thus, both G-richness and the
homopurine-homopyrimidine character of the sequence
are important for blockage.

When supercoiled DNA templates were used (Figure 2,
right panel), the relative strengths of blockage signals for
the various inserts were similar to those in linear tem-
plates, although the overall blockage was more
pronounced. These results confirm our previous report
that negative supercoiling facilitates blockage (28).

A single-strand break (nick) in the non-template strand
upstream of an insert dramatically increases the blockage

Based on these and previous results (28), we suggest that
transcription blockage at G-rich repeats could be caused
by R-loop formation (see Discussion). Roy et al. (30)
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previously showed that R-loop formation is strongly
facilitated by a nick in the non-template strand; one
would expect, therefore, that a nick in the non-template
strand would exacerbate blockage produced by G-rich
inserts. To test this prediction, we placed a nicking site
in the non-template strand three nucleotides (AGA)
upstream from either the G16 or the C16 insert, or in
the parental plasmid without any special insert, creating
pN-aga-G16, pN-aga-C16 and pN-aga-0 plasmids (see
Materials and Methods).

Figure 3, lanes 1-6, shows the effect of a nick in linear
DNA templates under our standard transcription condi-
tions [Heading (A, U, G = 1; C = 0.1) refers to NTP con-
centrations in the transcription reaction, and this will be
described in detail in the next subsection]. A nick in the
non-template strand by itself (lane 1) does not produce
significant blockage under these conditions, albeit some
irregular and minor (barely above the background)
signals that are not present in the non-nicked control
(lane 2) can be seen downstream from the nick.
However, the situation is dramatically different in the
case of the G16 insert. In the absence of a nick (lane 4),
the G16 insert produces only a weak (0.6% of run-off)
repeat exiting blockage signal near the position +270. In
contrast, a cluster of strong blockage signals appears in
the presence of a nick (lane 3), beginning from the
strongest signals in the downstream half of the G16
insert, including the repeat-exiting signal, and extending
downstream as an irregular ladder of decreasing blockage
signals, detectable almost all the way up to the run-off
position. The sum of the two strongest signals comprises
40% of the run-off signal. Thus, the nick increases
blockage by nearly two orders of magnitude.
Interestingly, in case of the C16 insert (lanes 5 and 6),
similarly positioned nick-induced blockage signals
appear as well. The overall blockage, however, is signifi-
cantly weaker than that observed for the G16 insert, and
the blockage signals are shifted downstream compared
with those for the G16 insert. Furthermore, the signals
within and in close vicinity of the Cl6 insert are not
the most intense ones, in contrast to the result for the
G16 insert.

Higher NTP concentrations strongly increase
blockage signals downstream from the nick in
the non-template strand

The experiments described earlier in the text (Figure 2 and
lanes 1-6 in Figure 3) were performed under our standard
transcription conditions (see Supplementary Materials
and Methods), with trace amounts of radioactively
labeled CTP, and ‘cold’ adenosine triphosphate, UTP,
GTP and CTP; the concentration of cold CTP was one-
tenth that for the other cold NTPs, to increase the incorp-
oration of radioactive CTP. These conditions are referred
toas (A, U, G=1;C=0.1).

Surprisingly, when the concentration of cold CTP was
increased up to that of the other NTPs (A, U, G, C = 1)
(Figure 3, lanes 7-12), the overall percentage of blockage
for the nicked substrates strongly increased; in addition,
the distribution of intensities of blockage signals was
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Figure 2. Transcription blockage for various DNA insert sequences. The sequences of insert (non-template strand) are shown in the top left corner.
All insert are 32-nt long and start 252-nt downstream from the promoter. Position of the insert on gel (shown thick black lane) is estimated according
to denatured DNA ladders with steps of 10 nucleotides and 100 nucleotides, designated by vertical 10 and 100, respectively. The white block arrow
shows the repeat-exiting blockage signal, and the white oval shows diffuse blockage signal; for the supercoiled DNA (right panel), the ‘total’ blockage
area is shown by white rectangle. The run-off in the case of linear DNA (left panel) corresponds to the transcript of define length, whereas in the case
of supercoiled DNA (right panel), the apparent run-off is likely to be an unresolved mixture of long products of spontaneous transcription
termination at multiple sites within the plasmid. The relative intensities of the blockage signals for various sequences are shown on graphs below
the respective panels. In these graphs, the intensities of the respective blockage signals were first normalized to the run-off intensities, and then the
ratios of these normalized intensities to the normalized intensity of the G32 insert were plotted versus the G-content of the non-template strand of
the insert. Each data point is the average of two experimental results, and error bars show deviations from the average. Letters A, T and C designate

the non-G base.

shifted in the downstream direction. Under these condi-
tions, for the G16 insert (lane 9), the vast majority of
transcripts were truncated, and the sum of the two
strongest blockage signals exceeded the run-off product
by 2-fold [five times more than for the same substrate
under (A, U, G = 1, C = 0.1) conditions].

Moreover, an irregular ladder of nick-induced blockage
signals was seen even without any special sequence insert
under these conditions (Figure 3, lane 7 versus lane 8).
This irregular ladder becomes pronounced some distance
downstream from the nick (although the exact starting

point is difficult to define), and it continues up to the
run-off position. Interestingly, blockage signals at the
same positions, although significantly weaker and
without any ‘starting area’, were also detected in nega-
tively supercoiled DNA (Supplementary Figure S2). This
ladder appears only when a nick is positioned in the
non-template strand. A nick in the template strand
results in the appearance of one sharp blockage signal
located approximately at the position of the nick, and a
much weaker signal ~10-nt upstream from the nick
(Supplementary Figure S3, lane 3). Overall blockage in
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lower exposure

Figure 3. Effect of a nick in the non-template strand on transcription blockage for various sequences under various conditions. Linearized plasmids
pN-aga-0, pN-aga-G16, pN-aga-C16 (see Materials and Methods) were used in these experiments. G16 and C16 inserts (from 252 to 267 nt from the
promoter) and nick position (after 248 nt from the promoter) are shown by the thick black line and black arrow, respectively. The vertical dotted line
at the left shows the approximate area where blockage signals occur.Headings (A, U, G =1, C =0.1) and (A, U, G, C = 1) designate ribonucleotide
composition during transcription (see Supplementary Materials and Methods). The incorporation of radioactive CTP per transcript is 10-fold larger
at A, U, G = 1, C = 0.1 conditions than at A, U, G, C = 1 conditions, which makes radioactive signals in the first case stronger, despite the fact that
lowering CTP concentration decreases intensity of transcriptions. Proper normalization and control experiments with radioactive adenosine triphos-
phate showed that, in fact, at A, U, G = 1, C = 0.1 conditions, the intensity of transcription is ~3-fold lower than at A, U, G, C = 1 conditions

(Supplementary Figure SI).

this case was ~25%, meaning that RNA polymerase
passed the nick with roughly 75% effectiveness and
transcribed up to the run-off position [a result similar to
that reported previously for small gaps (34) and nicks (35)
in the template strand]. An absence of the ‘long-range’
downstream effect of a nick in the template strand
suggests that it does not strongly facilitate RNA seques-
tration in the form of an R-loop, in contrast to a nick in
the non-template strand. This implies that R-loop forma-
tion in some cases could render a nick in the non-template
strand more harmful for gene expression than a nick in the
template strand (36).

Interestingly, the blockage triggered by the C16 insert in
the nicked substrates, while less than that by the G16
insert, is still greater than that for the random sequence
(Figure 3, lanes 11, 9 and 7, respectively). This result
might reflect the fact that the rC/dG duplex, while less
stable than the rG/dC duplex, is still more stable than
the average mixed RNA/DNA duplex.

Nick-induced transcription blockage was strongly
reduced when we reduced the concentrations of NTPs
by 3-fold without changing the mixture composition
(designated A, U, G, C = 1/3, Supplementary Figure S4,
lanes 7—12, higher exposure) such that blockage was only
evident for the G16 insert (lane 9).

In the absence of a nick, the repeat-exiting signal was
less pronounced when we increased the NTP concentra-
tions (Figure 3, lane 4 versus lane 10). Note, however, that
as the blockage signal in this case is weak, it is difficult to
judge whether this is owing to a general reduction of tran-
scription blockage or broadening in the distribution of
blocking signals.

Nick-enhanced transcription blockage was also
observed for a number of other naturally occurring se-
quences containing G-stretches, including the human telo-
meric sequence and the sequence from the c-Myc
promoter (Supplementary Figures S5 and S6).
Remarkably, a stretch of just eight guanines is sufficient
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to cause 40% transcription blockage in the presence of a
nick (Supplementary Figure S7).

A non-template strand nick downstream from the insert
increases blockage, but not as strongly as a nick
upstream from it

To test the effect of nick location, we constructed plasmids
pN-tc-G16-cc-N and pN-tc-C16-cc-N, in which nicks in
the non-template strand appeared either 2-nt upstream
or 2-nt downstream from the insert (see Materials and
Methods). Supplementary Figure S8 shows the results of
experiments with these plasmids under various conditions.
In Supplementary Figure S8A and B, the substrates are
circular, and the non-nicked substrates are negatively
supercoiled, whereas in Supplementary Figure S8C, the
substrates are linear.

For the nick upstream from the insert (lanes 1 and 4 in
A and B), the pattern of blockage is similar to that
observed for the same inserts in Supplementary Figure
S4. For a nick localized downstream from the insert
(lanes 2 and 5), the blockages began further downstream
and were weaker than these for the upstream nick under
all conditions. For the G116 insert, the downstream
nick-mediated blockage is stronger than that observed
for negatively supercoiled DNA under (A, U, G, C = 1)
conditions (Supplementary Figure S8A, lanes 3 and 0),
but it becomes comparable with negatively supercoiled
DNA under (A, U, G, C=1/3) conditions
(Supplementary Figure S§8B and C, respectively, lane 2
versus lane 3). Switching from A, U, G, C=1to A, U,
G, C = 1/3 conditions practically eliminated nick-induced
blockages for the Cl16 insert such that they were
pronounced only for the GI16 insert. This sequence-
specific, nick-enhanced blockage required the nick to be
positioned close to the insert. Increasing the distance
between the nick and the insert from 2nt to 9 nt, dramat-
ically decreased the blockage (Supplementary Figure S9).

Blockages produced by the G-rich insert with nick are at
least partially irreversible and increase pon an increase
in RNAP concentration

To obtain further insight into the mechanism of transcrip-
tion blockage in our system, we applied the strategy de-
veloped by Grabezyk and Usdin (16), which is based on
the competition between different transcription DNA tem-
plates present in the same reaction mixture during a
multiple-round transcription experiment (see
Supplementary Discussion for detailed rationale). This
strategy allows one to determine the nature of transcrip-
tion inhibition by a specific sequence: if its inhibitory
effect is due to decrease in elongation rate (such as
caused by reversible pausing), the transcription rates for
the plasmid containing an inhibitory insert and for the
control plasmid should be the same as long as RNAP/
DNA ratio is small (i.e. when the templates compete for
RNAP). In contrast, if inhibition is due to the inhibition
of transcription initiation or to irreversible elongation
blockage, the equalizing of transcription rates should
not occur. Figure 4A shows the result of the experiment,
and Figure 4B-D shows respective quantitations.

Figure 4B shows that for the G16 insert with a nick, the
equalizing of transcription rates with the control template
does not occur. Because both nick and insert are localized
far (~0.25kb) from the promoter, they should not affect
the initiation step. Thus, we concluded that the blockage is
at least partially irreversible. Also, the transcription in-
hibitory effect ‘in trans’ for the G16 insert with nick
(which produces strong blockage) was not much
stronger than that for the GI16 insert without a nick
(which produces barely detectable blockage) (Figure 4C);
thus, the blockage is not accompanied by strong RNAP
sequestration. We also found that the blockage increases
with an increase in RNAP concentration (Figure 4D), sug-
gesting that collisions between RNAP molecules might
additionally contribute to the blockage (see Discussion).

DISCUSSION

We have systematically studied the effects of nucleotide
substitutions and nicks on T7 RNA polymerase
blockage by G-rich inserts. For DNA inserts of the
same length, the maximal blockage was observed for
pure (G)ne(C)n stretches when the G-rich strand was the
non-template  (sense) strand for  transcription.
Substitutions of Gs by any other nucleotides decreased
the blockage, but G-to-A substitutions (preserving the
homopurine-homopyrimidine nature of the sequence)
were much less disturbing than were G-to-C or G-to-T
substitutions. Thus, both G-richness and the
homopurine-homopyrimidine nature of the sequence are
required for effective blockage. It was previously shown
that G-rich, homopurine RNA forms much more stable
hybrids with its DNA complement than does C-rich
homopyrimidine RNA (19-21), suggesting that the forma-
tion of extra-stable RNA/DNA hybrids, presumably in
the form of R-loops, is responsible for blockage.
According to thermodynamic analysis based on the
HyTher program (Supplementary Figure S10), our data
correlate better with the differences in stabilities between
RNA/DNA and DNA/DNA hybrids of the same compos-
ition than with the absolute stabilities of RNA/DNA
hybrids. This is consistent with R-loop formation, which
implies a competition between the nascent RNA and the
non-template DNA strand for binding to the template
DNA strand.

The requirement for the sequence to be a G-rich
homopurine-homopyrimidine also correlates with the sta-
bility of a PuPuPy intramolecular triplex (H-r DNA),
which would be additionally stabilized by the RNA/
DNA hybrid (15,16). The H-DNA model predicts
stronger blockage by symmetric versus asymmetric
G-to-A substitutions [reviewed in (37,38)]; this was not
the case for the G-to-A substitutions in the G32
sequence (28). For other sequences, in which homopurine
stretches were interrupted by either pyrimidine stretches
(28) or by mixed sequence stretches (32), the effects of
sequence variations suggest a contribution from triplex
formation to the blockage. An interplay between the
RNA-stabilized H-DNA and the R-loop would likely
depend on the sequence and ambient conditions, and, in
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Figure 4. Transcription in a mixture of different DNA templates at low and high RNAP/DNA ratios. As a test plasmid, pN-aga-G16 (further
referred as G16) was used, which contains the G16 insert with the site for the nicking enzyme localized in the non-template strand 3-nt upstream
from the insert. This plasmid produces strong blockage when it contains nick, but <1% blockage without the nick; as a control plasmid, hTel-C was
used, which does not produce detectable blockage. The sequence between the promoter and insert (0.25kb) was identical for control plasmid and
G16 plasmid. Both test and control plasmids were linearized by HindIII. To eliminate errors due to product losses during their purification and gel
loading, a ‘spiking transcript’ was made in separate transcription reaction from the template pN-aga-hTel-C linearized by Dralll (which also does
not produce any detectable blockages) and added to all reactions after transcription was stopped but before purification of transcription products
(see Supplemental Materials and Methods for details). Transcription reactions were performed 12 ul at A, U, G, C = 1 conditions (see Supplemental
Materials and Methods). For low RNAP/DNA conditions (lanes 1-5), 0.24 units of T7 RNAP and 200 ng of each DNA template were used per one
reaction, whereas in high RNAP/DNA (lanes 7-11) conditions, 20 units of T7 and 10ng of each DNA template were used; thus, T7 RNAP/DNA
ratio varied 1670 times between these conditions. The transcription reaction contains either G16-plasmid alone (lanes 1, 2, 7, 8) or control plasmid
(lanes 5 and 11), or their equimolar mixture (lanes 3, 4, 9, 10). Lanes 1, 3, 7 and 9 as well as 2, 4, 8 and 10 correspond to G16-plasmid with or
without nick upstream of the G16 insert, respectively. To provide convenient intensity for quantitation, the transcription reaction for spiking
transcript was also performed at both low RNAP/DNA and high RNAP/DNA conditions, except that the amounts of template were 120 ng and
6 ng, respectively. The spiking reaction was stopped by addition of 3 ul of 100 mM ethylenediaminetetraacetic acid, and then 2 pl of respective spiking
transcripts were added to all transcription mixtures after the stop buffer. Also, 2l of spiking transcription reaction alone at high RNAP/DNA
condition was processed as the rest of the samples and loaded on gel (lane 6). For convenience of visual analysis, a higher exposure (for lanes 1-5)
and a lower exposure (for lanes 6-11) of the areas of the gel within dashed-bordered boxes are shown. For the nicked G16 plasmid, well-pronounced
blockage signals could be seen. At high RNAP/DNA ratio, the intensities of blockage signals relative to run-off increase; additionally, the distri-
bution of intensities of blockages noticeably shifts in downstream (i.e. towards run-off) direction. For example, the ratio of intensity of the strongest
blockage signal (larger white diamond) to the intensity of run-off was about three times larger, and its ratio to the intensity of one of the weaker
downstream blockage signals (smaller white diamond) was about two times smaller at high RNAP/DNA conditions than under low RNAP/DNA
conditions. The charts show ratios of radioactive signal intensities for various transcripts, further referred to as ‘ratios of transcripts’. All intensities
are normalized to the number of cytosines within the transcript; thus, they represent the molar ratios of transcripts. They were also normalized to the
intensities of the spiking transcript signals in the same lanes. The data correspond to the average of two experiments, and deviations from the average
are shown by the error bars. Results for low RNAP/DNA conditions are shown in black, and for high RNAP/DNA conditions in gray.
(A) Radio-autograph of the gel; (B) Ratio of transcripts obtained from G16 plasmid (either with or without nick) in mixture with the control
plasmid to the transcripts obtained from the control plasmid in the same mixture. For G16 plasmid without nick, this ratio is close to 1 at both low
and high RNA/DNA conditions, which would be expected for two plasmids with similar initiation and elongation rates. For the G16-plasmid with
nick, at high RNAP/DNA conditions this ratio is ~0.2, and at lower RNAP/DNA conditions, it increases up to ~0.6, but does not reach 1,
suggesting that the blockage is at least partially irreversible (See Supplementary Discussion); (C) Ratios of transcripts obtained from the control
plasmid in mixture with G16-plasmid to the transcripts obtained from the reaction containing the control plasmid alone. The G16-plasmid used in
this experiment is either with a nick (nick +) or without a nick (nick —). At high RNAP/DNA conditions, these ratios are close to 1, consistent with
an excess of free RNAP in solution and, consequently, no interference between different templates. At low RNAP/DNA, for the mixture with
non-nicked G16 plasmid, this ratio approaches 0.5, which suggests that most RNAP in solution are in the DNA-bound state and are evenly
distributed between templates. In the case of nicked G16 plasmid, this ratio is ~1.6 times smaller, which might indicate some additional RNAP
sequestration by the nicked G16 plasmid; (D) Ratio of transcripts obtained from G16-plasmid with nick to transcripts obtained from G16 plasmid
without nick. Reactions were performed with each of the templates, separately. This ratio changes ~3-fold (from 0.13 to 0.38), i.e. the difference
between these two templates decreases, on switching from high to low RNAP/DNA conditions.
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fact, the former could be a precursor of the latter (39). We
therefore cannot exclude the possibility that a short triplex
formed transiently in a part of the insert (therefore, in-
sensitive to its overall symmetry) could facilitate R-loop
formation by trapping the displaced non-template strand.

In contrast, quadruplex formation does not constrain a
sequence to be homopurine homopyrimidine. In fact,
quadruplexes with X = T or X = C are more stable than
are homopurine quadruplexes with X = A for the
(GGGX)-motifs (40,41). In our studies, transcription
blockage was much stronger when X = A in that
sequence motif (Figure 5). These data reaffirm our
previous conclusion that there is no significant contribu-
tion to transcription blockage from quadruplex formation
in our case (28). Overall, our results support the conclu-
sion that transcription blockage by G-rich, homopurine-
homopyrimidine sequences is primarily owing to the
R-loop formation.

Roy et al. (30) defined various factors, which facilitate
R-loop formation, and offered a mechanistic explanation
for their actions. Among these factors are negative super-
coiling and a nick in the non-template strand. We
reasoned that if transcription blockage was due to
R-loop formation, these same factors should strongly
increase it. We have demonstrated strong increases in
transcription blockage by negative supercoiling (28). In
the present study, a dramatic increase in transcription
blockage was seen when a nick was positioned in the
non-template strand close to the G-rich insert.
Moreover, an irregular ladder of minor blockage signals
extending downstream from the nick appeared even in the
absence of the G-rich insert. Similar, albeit weaker, signals
were observed in negatively supercoiled DNA
(Supplementary Figure S2). That is again consistent with
R-loop formation, which is known to be facilitated by
negative supercoiling [(5,30,42—44) and references therein].

Although there is a strong correlation between the re-
quirements for R-loop formation and for transcription
blockage, the question remains, why should R-loops fa-
cilitate transcription blockage?

At first glance, the simplest explanation is that during
multiple rounds of transcription, RNA polymerases
collide with the R-loops formed by preceding RNA poly-
merases, thereby interfering with the transcription
outcome. In accordance with this mechanism, a 2-fold
decrease in the total yield of transcription through a
long (300nt), artificially pre-formed R-loop was
observed (45). We have shown previously, however, that
transcription blockage also occurs during single-round
transcription in our system (28). Furthermore, if the
blockage signals were produced on collisions with the pre-
viously formed R-loops, one would expect them to occur
upstream of the causative sequences while we observe
blockage signals located predominantly downstream
from them. Thus, collision with pre-formed R-loops,
although theoretically possible in our system, cannot
explain our results.

We have previously argued that the continuation of
transcription beyond the formation of a stable R-loop
should trigger topological constraints owing to sterical
clashes between DNA and nascent RNA, which could

destabilize the elongation complex and result in transcrip-
tion blockage (29). A nick in the non-template strand
should remove topological constraints. Therefore, if
these constraints were essential for RNAP blockage, a
nick should alleviate the blockage, despite the fact that
it facilitates R-loop formation. In contrast, we show that
a nick dramatically increases blockage by G-rich se-
quences and that it triggers transcription blockage even
for random DNA sequences. These observations suggest
that there must be a fundamental mechanism explaining
transcription blockage by R-loops that does not require
specific sequences or topological constraints, even though
it can be modulated by these factors.

We believe that this fundamental mechanism is
grounded in the existence of different configurations of
the transcription elongation complex during normal tran-
scription in comparison with the transcription complex in
the presence of an R-loop. During normal transcription
elongation, the nascent RNA is separated from its DNA
template (46,47) and is ‘guided’ from the transcription
complex through a positively charged groove (exit
channel) on the inner surface of the RNA polymerase
(48). Interaction between the nascent RNA and the
surface of the exit channel strongly contributes to the sta-
bilization of the transcription complex [(42,49) and refer-
ences therein]. R-loop formation could alter this normal
elongation mode: according to one model, the R-loop is
formed immediately upstream of the normal RNA/DNA
hybrid within the transcription complex, with only a brief
(if any) separation of the nascent RNA from the DNA
template (17,42,44). In this scenario, the R-loop disrupts
proper interactions between the nascent RNA and the exit
channel, thus destabilizing the transcription complex,
similar to the manner in which a hairpin in the nascent
RNA destabilizes the transcription complex at termin-
ation signals (42). In the alternative (‘thread-back’)
model for R-loop formation (23,30), the nascent RNA is
extruded from the transcription complex normally, but
this is followed by re-hybridization with the template
strand upstream of the elongation complex. In this
model, the R-loop formation does not disrupt interactions
between the RNAP and the nascent transcript at first, but
this disruption could occur later, on growing of RNA/
DNA duplex upstream the transcription complex
(Figure 6). In any case, the R-loop would likely create
some additional strains and distortions in the elongation
complex, increasing the probability of transcription
blockage. In support of this interpretation, R-loop forma-
tion has been shown to exacerbate weak transcription ter-
mination in stretches of oligo(dT)/oligo(dA) (50).

The R-loop-mediated exacerbation of weak transcrip-
tion pausing/termination signals could explain the irregu-
lar ladder of blockage signals extending downstream from
the causative sequence into seemingly random sequences
(Supplementary Figure S11). Even for random sequences,
there is usually some probability of spontaneous transcrip-
tion pausing/termination at each position, which varies
depending on the physical properties of the DNA as
well as DNA/RNA hybrids, and other factors. Indeed,
ubiquitous minor pauses during transcription elongation
have been observed in single-molecule experiments
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Figure 5. Comparison of blockages produced by GGGX repeats. The left panel shows the entire gel, whereas top and bottom right panels show the
run-off area with reduced exposure times, and the blockage area with higher exposure, respectively. For linear templates (lanes 1-3), the
repeat-exiting blockage signal (white block arrow) is clearly pronounced over the background only for X = A. For supercoiled templates (lanes
4-6), the repeat-exiting blockage signal is pronounced also for X = T, but its value (normalized on ‘run-off’) is 13 times smaller, than for X = A. For
X = C, the repeat-exiting blockage signal is not pronounced; however, several blockage signals are evident within the insert. The explanation for this
pattern is presently unclear; however, it could be compared with the blockage signals produced by other sequences by estimating the total blockage
signal over the area shown by the white rectangle, which includes all blockages. To perform the comparison, a signal was calculated over the same
area also for GGGA and GGGT repeats. For GGGT and GGGC repeats, this blockage was seven and three times less than that for GGGA repeats,

respectively.

(51,52). Normally, however, these pausing/termination
signals are too weak to be detected in our assay; only
the presence of additional factors that interfere with tran-
scription elongation (R-loops in our case) reveal those
‘hidden’ signals.

Thus, the strong inhibitory effect of G-rich,
homopurine-homopyrimidine sequences on transcription
could simply be caused by the high likelihood of R-loop
formation owing to the superior stability of RNA/DNA
hybrids formed by these sequences. An additional
problem for RNAP could be to ‘peel off” the nascent
RNA from the extra-stable puRNA/pyDNA hybrid in
the transcription elongation complex during RNA extru-
sion (28).

When a nick is placed in close vicinity to the G-rich,
homopurine-homopyrimidine sequence (further referred
as an ‘R-loop prone sequence’), the transcription
blockage becomes much stronger, indicating that the
nick and an R-loop prone sequence act cooperatively in
increasing the probability of R-loop formation. The effect
of an upstream nick is significantly stronger than that of
a downstream nick (Supplementary Figure S8). The
nick in the non-template strand facilitates R-loop forma-
tion by decreasing RNA-displacing propensity of the

non-template strand, thus facilitating a thread back of
the transcript (30). This means that the effect of the nick
presumably would manifest itself when RNAP has passed
the nick, and the nick is localized closely behind the tran-
scription complex. For the upstream nick, it means that
the sequence within and, probably, a few nucleotides
behind the transcription complex is the one which forms
the extra-stable RNA/DNA hybrid. That would stabilize a
short stretch of RNA/DNA duplex during reversible
RNA invasion, thus increasing probability of R-loop for-
mation. In contrast, for the downstream nick, the
sequence within and a few nucleotides behind the tran-
scription complex is random, and it would therefore
require for RNA to invade a few nucleotides further
upstream to reach the sequence, which forms extra-stable
RNA/DNA hybrid. That could explain the difference in
effects for the two different nicks locations.

The detailed mechanisms of R-loop and/or triplex-
mediated transcription blockage could also be different
in various systems. For example, Grabczyk and Usdin
(16) showed that a reduction in transcription through
long GAA repeats is primarily owing to the reversible se-
questration of RNAP by these repeats. In our system,
sequestration does not seem to be the primary source of
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disruption of |
RNA/RNAP |
interactions

A

Figure 6. Possible mechanism for R-loop interference with transcription. (A) The basic mechanism. Normally, the nascent RNA (shown by the thick
black line) interacts with certain area (shown by stripped patch) of RNA polymerase (shown by gray oval with dotted line border). R-loop formation
(either via thread-back mechanism or some other mechanism shown by dashed line with question mark) disrupts (possibly, partially) this interaction,
thus destabilizing the elongation complex and making it more prone to stalling or/and dissociation. (B) Factors that exacerbate the blockage by
facilitating R-loop formation: (1) Sequence that forms extra-stable RNA/DNA hybrid (shown by thick patterned line; (2) negative supercoiling,
which increases fluctuative opening of DNA; (3) nick in the non-template strand, which decreases propensity of the non-template strand to displace
RNA; involvement of the part of the non-template DNA strand (shown by the thick patterned line) in triplex formation with the DNA duplex
upstream (4) or downstream (5) of the transcription complex, which would sequester non-template DNA strand thus decrease its propensity to
displace RNA. In addition to facilitating R-loop formation, some of these factors could additionally exacerbate blockage by other mechanisms. For
example, extra-stable RNA/DNA hybrid inside the transcription complex could interfere with the nascent RNA separation, and triplexes could create

obstacles for RNAP movement.

blockage, and at least some blocks appear to be irrevers-
ible (Figure 4).

For the substrates containing nicks, we also observed an
increase in RNAP blockage when the RNAP/DNA ratio
was increased (Figure 4). That indicates that collisions
between RNA polymerases might also contribute to the
transcription blockage by forcing paused enzymes out
from their templates (53). In our case, such collisions
might occur when a transcribing RNAP overtakes and
displaces the RNAP slowed or paused on the R-loop
formation. An increase in the RNAP/DNA ratio not
only facilitates the blockage but it also shifts the distribu-
tion of blockage sites in the downstream direction. The
latter observation argues against an alternative explan-
ation that transcription blockage occurs when a new
RNAP becomes trapped by the previously stalled
RNAPs, as one would expect blocking sites to shift
upstream in this case.

In light of these observations, the increased blockage on
increasing NTP concentration is probably owing to surge
in transcription initiation rate, which would have a similar
effect as an increase in RNAP concentration. In support
of this view, our experimental data suggest that an
increase in NTP concentration from A, U, G, C =1/3
to A, U, G, C =1 strongly increases transcription initi-
ation rates (Supplementary Figure S12).

Interestingly, the increased transcription blockage on
an increase in the T7-RNAP/DNA ratio contrasts with
results reported for bacterial RNA polymerase, in
which collisions facilitated elongation [reviewed in (54)].
This difference could be explained by the frequent
back-tracking characteristic of the bacterial RNAP
[reviewed in (54)], which does not occur with the T7
RNAP.

The interference of extra-stable @ RNA/DNA
hybrid-forming sequences with transcription elongation
could be a general property for various RNA polymerases,
and this is likely responsible for transcription pausing at
G-rich sequences in vivo (55). Exacerbation of this pausing
by nicks (which can result from DNA damage, intermedi-
ates in DNA repair, topoisomerase actions, etc.) might
cause significant blockage in natural sequences that
contain short homopurine stretches, such as the telomeric
sequences and c-Myc promoter sequences, both of which
have been shown to be transcribed in vivo in the direction
in which the purine-rich strand is the non-template (sense)
[reviewed in (56,57)].

Transcription blockage and R-loop formation have
been implicated in various types of genomic instabilities
[e.g. see (1,26,58—62)]. It is tempting to speculate that these
instabilities could be exacerbated by nicks in the
non-template strand.
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It is also interesting to consider how the nick-enhanced
blockage might impact transcription-coupled repair
(TCR), the specialized subpathway of nucleotide
excision repair that targets blocked RNA polymerases to
efficiently remove the responsible lesions from the
transcribed DNA strands (3,63,64). It was hypothesized
that if transcription were blocked in undamaged DNA,
TCR might occasionally activate futile cycles of DNA
repair, eventually leading to mutagenesis and destabilizing
the genome (65). Alternatively, this gratuitous form of
TCR might also attract ligases and other repair factors,
which would seal the nicks and promote genome stability.

In addition, transcription blockage by R-loop formation
has been implicated in regulation of RNA transactions,
including RNA decapping (66) and sequestration (67).

Thus, transcription blockage can have multiple biolo-
gical effects, of which some are deleterious, but others may
be beneficial.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Figures 1-12, Supplementary Materials
and Methods and Supplementary Discussion.
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